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ABSTRACT

This paper presents a novel structure for a diesel particulate filter (DPF) with inclined gas paths, which was designed so that

the gas paths offered a fluent flow of exhaust gases, and particulate matter (PM) was collected at pores formed in the body. The

alumina porous filter was prepared by a conventional sintering process at 1200oC for 2 h. Straight gas paths with 30o of inclina-

tion from the gas flow direction were formed in the filter body. It is shown that this filter structure worked as a PM filter, in

which 90.2% of soot filtration efficiency and 59.6 mbar of pressure drop were achieved.
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1. Introduction

ecently many regulations on air quality to reduce pol-

lutants produced by automobiles have been intro-

duced.1) PM smaller than 10 µm in many pollutants produced

from diesel engines are often responsible for severe air pol-

lution. A DPF must meet standards of high filtration effi-

ciency, tolerance at high temperatures during regeneration,

low pressure drop, good mechanical strength and chemical

resistance.2,3) Porous ceramic materials are ideal candidates

for DPFs due to their refractory nature and the ability to

control their porous microstructure. Materials such as cordi-

erite, silicon carbide, silicon nitride, mullite and aluminum

titanate have been used for DPFs,4) but none of these cover

all the above requirements completely. 

There are several types of DPFs, such as wall flow type,

open-celled ceramic foam and fiber filters. The most com-

monly used one is the wall flow type, which has alternating

plugging of the narrow channels to pass the exhaust gas at

both front and back sides.5) Precise control of size, volume

and shape of the pores is critical to ensure the proper bal-

ance between the filtration efficiency and mechanical

strength of the filter. For example, high porosity guarantees

high filtration efficiency and low pressure drop but deterio-

rates mechanical strength. A narrow distribution of pore

size is also necessary. A serious drawback of wall flow type

DPFs is the mechanical fracture or thermal meltdown of the

thin honeycomb walls. PM built up at the pores causes an

increase in the pressure drop across the filter, resulting in

poor engine performance. This PM buildup must be periodi-

cally eliminated by oxidizing the soot inside the filter. The

abrupt temperature rising at a local area is always present

because the oxidation of soot is highly exothermic. 

We present a novel ceramic DPF structure that operates

on a different filtration mechanism with a wall flow type fil-

ter. Voids in the ceramic filter body consist of large gas

paths and small pores: the former are inclined straight gas

paths penetrating through the ceramic filter body, and the

latter are pores that are formed in the ceramic body. The

main function of the straight gas paths is to offer a fluent

flow of exhaust gas through the body to guarantee a low

pressure drop. While passing through the paths exhaust gas

collides with the porous ceramic body and PM is caught at

the pores.  

We first calculated the pressure drop at several inclina-

tion angles between the gas flow and the gas path to make

sure that the pressure drop fell within a reasonable value,

and then we prepared the prototype of a ceramic DPF struc-

ture that has inclined gas paths and pores. The structure

and performance of the ceramic filter was then investigated.

2. Experimental

For the numerical simulation of the gas flow and pressure

drop of the filter, a commercial code (Fluent) was used.

Based on the assumption that the flow field in this study

was incompressible, the SIMPLE algorithm6) was adopted

for the solution of the Navier-Stokes equations. A standard

k-ε model7) was used for the simulation of turbulence and a

wall-function was applied for the control volumes adjacent

to the wall. Here, k and ε denote the turbulent kinetic

energy and turbulent dissipation, respectively. A first order

upwind scheme was selected for the stabilization technique
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of convection dominated flows. 

The porous alumina filter body was prepared by the fol-

lowing procedures. Alumina powders (Daemyoung Co.) with

an average particle size and purity of 0.5 µm and 99.9%,

respectively, were mixed with sawdust passed through a 16-

mesh sieve in the weight ratio of 3:1. They were added to

water with 1 wt% of polyvinyl alcohol to prepare the slurry.

The solid to water ratio in weight was 3.3. After vigorous

stirring to form air bubbles, the slurry was casted in a col-

umn-type mold with 60 mm of inner diameter. The casted

sample was dried and was then sintered at 1200oC for 2 h.

Inclined straight gas paths were formed in the sintered alu-

mina body by mechanical drilling using 2 mmφ diamond

tips. The inclination angle of the gas paths from the vertical

plane was 30o.

The external appearance and chopped surface of the filter

was photographed with a digital camera. The microstruc-

ture of the alumina body was observed by scanning electron

microscopy (SEM) using a Jeol JSM-6700F model. Perfor-

mance as a DPF was evaluated by measuring pressure drop

and filtration efficiency. The air flow rate was controlled by

varying the input power of the air blower that supplied air

into the filter. The pressure drop between the inlet and out-

let of the filter was measured by a well-type manometer

(Flex-Tube 1230, Dwyer) using water. The gap between

each filter was fixed at 10 mm when multiple filters were

used in series. The filtration efficiency of soot was obtained

by measuring the weight increase of the filter after blowing

0.2 g of artificial soot (Printex-U, Degusa) into the filter at

an air flow rate of 50 m3/h. The open frontal area and the

volume percent of gas paths was calculated from the dimen-

sions and number of paths. The bulk density and porosity of

the sintered body were calculated from the weight and vol-

ume of the filter.

3. Results and Discussion

Fig. 1 shows the schematic drawing of the filter with

inclined straight gas paths. The gas paths at a certain incli-

nation angle through the filter are seen in the side view

(Fig. 1(b)). Optical images of the filter show the straight and

inclined paths from both left and right directions as in Fig. 2.

Straight paths were designed to offer a fluent gas flow

through the filter. 

Numerical simulation of the gas flow for a 20 mm length

filter at a gas velocity of 10 m/s resulted in a filter pressure

drop of 6.5 mbar, 39.3 mbar and 112.3 mbar for 0o, 30o and

45o of inclination angles, respectively. These values are low

enough to match the DPF capabilities. This means that the

body with inclined gas paths can be used as a DPF if PM is

caught at the meso-pores. 

Numerical simulation of the gas flows in the gas paths is

presented in Fig. 3. When exhaust gases enter the filter

severe impinging of gases with the porous body occurs at

the surface of the gas path as shown with arrows in Fig. 3.

During the impinging PM is collected at numerous pores

that formed on the ceramic body. It is expected that more

PM can be collected at the pores as the inclination angle

increases. However, such a large angle may increase the fil-

ter pressure drop, which results in the loss of engine power. 

We adopted 30o inclined paths because putting multiple

stacks of filters in series was possible due to the relatively

low pressure drop. The physical properties of the filter that

was sintered at 1200oC for 2 h are shown in Table 1. Here

the open frontal area indicates the area ratio of the gas path

and the alumina body at the frontal surface. The total vol-

ume of straight paths was 35.7% of the filter body. The

porosity of the filter body, excluding the gas paths, was

Fig. 1. Schematics of the filter with straight and inclined gas
paths. Figures (a) and (b) are top view and side view
of the filter, respectively. 

Fig. 2. Optical photographs of the ceramic filter. The gas paths
are seen from both directions of left-tilted and right-
tilted position. 

Fig. 3. The numerical simulation of the gas flows in the gas
paths. The angle between vertical plane and gas paths
is (a) 0o, (b) 30o and (c) 45o. The arrows show the direc-
tion of the gas flow.
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71.7%.

Fig. 4 shows the SEM image of the sintered alumina

porous body. It is necessary to point out that alumina is not

suitable for a DPF due to its poor thermal shock resistance.

We used alumina only because sub-micron powders were

available, and it was sufficient to show the feasibility of the

novel filter structure as a DPF. The low magnification

image reveals many spherical concave sections originating

from bubbles in the slurry. In the high magnification

images sub-micron sized alumina grains are observed to

form a porous body. The shape and size of the pores were

irregular and diverse.

We observed the cross section of the filter along the adja-

cent gas paths after blowing soot into the filter. Fig. 5(a) is

the optical image taken from the soot inlet direction. In this

photograph dark stripes originating from captured soot are

observed after blowing artificial soot into the filter at the

flow rate of 50 m3/h. PM is captured at pores by an impac-

tion and diffusion mechanism.8) No dark stripes are found

from the opposite direction (Fig. 5(b)).

Fig. 6 shows the performance of the filter with gas paths.

In Fig. 6(a) it is seen that pressure drop greatly decreases as

the open frontal area increases. The inclined straight gas

paths enable the fluent gas flow to reduce the pressure drop.

It was possible to maintain the pressure drop under a rea-

sonably low value for the DPF when the filter has 21% of

open frontal area. Fig. 6(b) shows the effect of the number of

filters on the pressure drop. The filters were set in series

and the gap between the filters was fixed at 10 mm. As can

be easily expected the pressure drop increased as the num-

ber of filters increased. The maximum value obtainable by

mechanical process was 21% of open frontal area. With this

filter structure, the pressure drop could be considerably low-

ered if filters with an open frontal area much larger than

21% could be made by other manufacturing methods. 

The filtration efficiency of the soot was measured at a gas

flow rate of 50 m3/h , which corresponds to 7 m/s of linear

velocity (Fig. 7). The filtration efficiency linearly increased

Fig. 4. SEM images of the fracture surfaces of porous alu-
mina body that was sintered at 1200oC for 2 h.

Table 1. Physical Properties of the Sintered Alumina Filter Body

Dimensions D = 55 mmφ, L = 20 mm

Bulk density 1.12 gcm−3

Porosity of the body (excluding gas paths) 71.7%

Open frontal area 21.0% 

Volume percent of gas paths 35.7% 

Fig. 5. Optical photographs of a ceramic filter that has been
cut along the straight gas paths. (a) View from the
gas injection direction, and (b) view from the gas
outlet direction, as indicated by arrows representing
the gas flow direction. The scale bar is 10 mm.
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proportionally to the number of filters. When five filters

were used in series 90.2% of efficiency was realized. In this

condition the pressure drop was 59.6 mbar, which corre-

sponded to that of commercial honeycomb type DPFs.9,10) It

is expected that filtration efficiency can be improved by

increasing the porosity or by adjusting the pore shape. For

example, three-dimensionally ordered macroporous materi-

als of mixed metal oxides can be prepared using a colloidal

crystal templating method11) on the surface of the gas paths.  

An excessive temperature increase during the regenera-

tion process that may cause cracking of the wall between

cells is a major problem in the practical use of a wall flow

type DPF. A wall as thin as 0.3-0.4 mm can be easily

destroyed by thermal shock. Therefore thermal shock resis-

tant ceramic materials such as Si
3
N

4
 and SiC are required.

On the other hand, it is expected that abrupt combustion of

PM does not result in severe damage to the performance of

our novel DPF structure because the ceramic filter body

between gas paths is thick. The thickness of the porous body

between straight gas paths is greater than 2.5 mm, which is

quite large compared to the wall thickness of wall flow type

DPF. Even though cracks are formed due to thermal shock

the performance as a filter will not be lost because PMs

passing through the gas paths are caught at any other pores

in the vicinity. From this point of view any ceramic materi-

als that have a high melting point, good thermal stability

and good mechanical strength can be used as a DPF.  

Another disadvantage of the wall flow type DPF is that

the pressure drop increases as the soot loading increases

with the passing of working time. Once the soot bridges the

surface pores the permeability of the wall is substantially

reduced, resulting in a steep rise in pressure drop.1,12) Fur-

thermore pressure drop and filtration efficiency are closely

related to porosity and pore-size distribution of the wall.13)

Decrease of pore size due to the catalyst coating must also

be considered. These issues imply that the precise control of

pore size is the crucial point of wall flow type DPF design. In

our newly developed filter structure pressure drop is only

related to the open frontal area and inclination angle of

straight gas paths. PM is stacked at pores on the surfaces of

the paths and clogging by PM may not occur because the

diameter of the gas path is quite large. Furthermore, pre-

cise control of the pore size is not necessary because PM can

be caught even at large pores. There is no restriction in the

coating of catalytic materials on the inner surfaces of the fil-

ter.

It is usual that ceramics that have a small coefficient of

thermal expansion and good thermal conductivity are used

as DPF material due to the complicated honeycomb struc-

ture. Because these two characteristics are counter-effective

few materials satisfy both sides, and a segmented honey-

comb structure is selected to reduce the thermal expansion

during operation.14) It is thought that the novel filter struc-

ture also has an advantage in the construction of a seg-

mented structure because several filters are easily built in

series without considering the precise alignment of the out-

let and inlet of the gas paths. 

4. Conclusion

We presented a prototype of a novel DPF structure with

inclined straight gas paths that enable a low pressure drop.

The frontal area of the gas paths that were formed at 30o of

Fig. 6. (a) The effect of the open frontal area on the pressure
drop, and (b) the effect of the number of filters with
21% of frontal area on the pressure drop. 

Fig. 7 Change of filtration efficiency with the number of fil-
ters used. 
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inclination from the gas flow direction was 21%. The volume

of the gas paths was 35.7% of the body. PM was captured at

pores that were formed at the surface of gas paths. Five con-

secutive series of filters offered 90.2% of filtration efficiency

and 59.6 mbar of pressure drop. This filter structure is

expected to eliminate most of the drawbacks of wall flow

type filters. 
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